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Introduction

The zere-sn tesat program includes a nuwber of supporting
analstie..1 studies, as deseribed in reference 2, required to
implement more adenmuately its various phases. The present
report is a result of one sneh study, on the simulation of
liquid behavior. This investigation hasg been necessary not
only to assure that a scaled container does not alter the
validity of the test data, bat also to establish the [easi-
pility of nsing liruids othor than hydrogen, This would result
in considerable savinrs in time and effort in the condnction
of the tests, higher reliability of thy test equipnent, fewer
fli-hte and elimination of fire or explosion hazards. The
followine gections deal at length witlti the problewmsa of dynauic
similarity when sach a simnlstion is attompted for some of

the test pliases.
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Summary

An analytical study was made to determine if hydrogen
could be replaced by other liquids in the KC-135 liquid be~-
havior tests. I'or some of the proposed tests an analysis
yielded non~-dimensional parameters in which fluid properties
played an important role for the achievement of similarity,
With other tests, fluid properties did not enter into the

problem of similarity.

It was found that a number of liquida could be used
for the tests., Howev:r, other consid:r.tions dominated
the selection of test fluids., LNg was sclected for the
sloshing test because similarity could be achieved with
lower container accelerations with LNo9 than with other
liquids., Because of limited test apace, low acceler.tions
are desired. The prime reauirement for the coalescence
tests is a "wetting” liquid that will rapidly approach
it's equilibrium distribution in zero-g. Tests will be
conducted with numerous liquids in order that a high re-
action rate liquid may be selected for the zero-g test

program.
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Discussion and Results

An investigation was made to determine if some liquids,
other than tiquid hydrogen, can be used in the KC~135 liquid
behavior tests., The tests to he affected if liquid hydrogen
ie replaced hy another liquid are coalescence, settling, and

sloshing.

In peneral, the criteria used for determiningy if other
liquids could replace liquid hydrogen was to find if the model
tests would be dynamically similar to the linquid behavior in
the Centaur, For dynamic gsimilarity to be possible the model
and Centaur tanks must be gzeometrically similar. In addition,
certain dimensionless numbers, relateod to the liquid process,
wuat be identical for both model and prototype. These dimen-
sionless numhers are obtained by non-dimensionalizing the
equationf of motion which include the continuity and momentum

equations,

The investigation showed that for all cases sowe liquid
other than hydrogen could be used. In sowe inatances liquid
properties did not enter into the solution. The discussion
that follows outlines the approach taken to determine if the

model tests can simulate the fluid behavior in the Centaur.

Conlescence Tests., The purpose of the coalescence tests is

to simulate distribution of fuel in the Centaur during zcro-~g
with a scale model tank., The simulation is to be carried out

with and without multiple surface devices in the model,
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It ean be Jdemoustrated that the ¥inal! liguid diztrib- tion
within t:e model in 7etro-r will he similar to the distribution

1n the Centaur fuael tonk If the followin ia true:

1. Model test limwid ie a "wettin: " fluid heecause liauid

hydro-en ig a "wettino” fluid

7. Model and nratoatype tonks are -eoemetrie lly similarx

3. Liaur’' to ras volum» rotio of motdel is equal to

nrotatyne

Tionid hehovior in a verec-rravite field i« donin ted by
sarfacoe tencsion, Prom the neirecinle of wminjoun snrfoce encrey
{(refarance 11, the e vilibrium o» stobla confiration of
Tinid cdidhin the tunle will he aneh th t th total corfiyce
anapav o withing tos famk w311 hewe o ominilimm value,  Phus, Af
a Jianid de "wettine” (18 3t will wot the tank wolla!, it
will wet thpe entire iauk snrfore te minimivze tho surioce enersv
at the walle. In addition, the ghape of the rax buhhle in
the tank econt r will hive a minimum surfoce area in o-der to

minimrize the surface coerg of liavid te rog,

The atable conficuration of a wetiing fluid in a container
will be identiecnl to any other wettinr fluid in the same con-
tainer if the liquid volunes are the sawe, The reason is that
the miniumum cnergy of auy wetting fluid iv dependent upon the
tank peonetry and 1iyuld te ga  volume rutios only. If we now

maintain geomotric similarity by usine a scale wolel tank and

LM AT0200
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have the liguid to gag volume ratio ot test fluid equal that
ratio in the Centaur, a model test using any wettins fluid
will result in a liquid di-tribution exactly similar to what

will occur in the Centaur during zero-vr,

Because any wettiny liquid will satisfy the coalescence
tests, it is recormended ti:at a high rencti~ n rate ligquid be
used, A lisuid with a hirh reaction rate is defined here as
one that will apsroac!: its enuilihrium configuration rapidly.
Since the expected time in zero-g for the model test will bhe
approximately 7 to 15 seconds, and siice a near equilibrium
lJigquid distribution is desired durinr the sero-g neriod, time
is an impertant f.ctor. Drop tests, that produce ap rox-
imately one <econd of zero-p will be con‘tucted with a number
of liguids in order to select a hish re.ction rate lijquid for

the KC-175 testsa,

The transient behavior of 1imid as it advances to its
eaquilibrium distribution is also of interest, since a knowe
ledge of the approxim:ite time to reach propellant equilibrium
in the Centaur tank would permit & more intelli-ent evaluation
of the coalescin: surfaces and interpretation of the heat
transfer data to be collecte ! durin« the coast periods. This
transient period is too complex to be descrived analytically
with our nresent “nowledre of fluis motion in zero-s, How-
ever, time to reach ejuilibrium may he predicted frowm the test

sequence th t follows:
1. Liquid hydrogen and a hivh reaction rate tiid will

be tested in the same sise container an' t eir rate

of prorress towards equilihrium comparerd,

T N 11V
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2. The aecond fluid will be tested in a larger, geometrically
similar container, and its reaction rates for both
container- compared. (los=ibly drop tests with »

sualler container will be of sufiicient duration teo

provide a third value.)

%« The re ction rate ratio between liqguids and between
seouwetrically similar containers of different si-e
will permit extrapolation of ihe resnlts with hydro:en
to the actual Centaur case. ‘'fopefully, this extra-
polatio: will support theoretical predictions whieh

will he a‘tempted.

The use of a second fluid will permit the utitization ef
a large container. At present, no authorization has been given
by "ibDD te use liquid hy'ropgen in a large contiainer, The
reason is thiat, shounld cavanle failure and har rupture occur
coneurrently, the amount of lignid hydregen in the bag should
not exceed 5.5 liters if its concentration is te remain below

allowable limits,

Settling (eats: The gettling tests are for the purvose of

determining, from model testinr, the time required to settle

propellants in the Centanr prior to each of its engine starts.

The 1i uid in the Centaur tank prior te settlines can be
distributed in rany ways. Two extremes shown in Fiwures 1 and 2
are, liquid distributed in droplet form, and liquid wetting

the walls., Aapplying the equation of wotion te the liyuid in



e g
aepopr 1 enred

CONVAIR I| ASTRONAUTICS Pact

1 Yeh, (add

each of the diatribntions, one is able to arrive at the

governiny parameters,
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Application of the equation of motion to a falling

spherical droplet yields

meoodY = o - Cy 3 A (1)
dt
2
where m = mass of froplet lbh.sec
’ rt

. / 2

%% = acceleration of droplet ft/sec”

. S

A smoanplind ae o wleration ft/sec“

Cqa = droplet drag coefficent

1 = dropict velocity pressure psi
(2]
A = droplet cross~sectional area in~

't was conputed th t droplets one iuch or nore in diameter
will b acted upon by (drag forces that are 10% or less of the
applied accel ration forees durine settling., Furtherwvore it
iz estimat d that most drovns will be one i1neh or larger.

Because o 10% error can be tolor.ted, the dras term will be
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dropped from equation (1) and we have,
e dy = wvial (2)
ot

Bquation (2) shows that fluid properties will not affect
settling times of propellants, Therefore, Centaur fuel settl-
ing can be simulauted with any liquid so long as :eometric

similarity is achieved.

Applying the equation of motion to the case where liquid
is wetting the walls an additional force term, which includes

the effect of surface tension, is added to equation (1).

e :}% = MmMma - quA - G‘(TrD) (3)
where D = tank diameter in.
0~ = surface tension 1b/in

Equation (3) describes settling of liquid flowing along the
tank walls with surface tension forces opposing the fluid

motion.,

It will be shown that surface tension forces will be
very small in the Centaur and can be isnered for any settling
simulation study. Surface tension forces opposing liquid
flow along the walls during Liiy settling in the Centaur are
equal to the product of surface tension and tank circumference,

o {(wD) = .04 1b., For the second start the acceluration

forces th:t are settling the approximate 1200 1b. of Lig
are = (! . = .
ma. (2429,32'2)(05) = 186 L
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Thus it is seen that surface tension forces are insignificant
during Centaur fuel settling., Although the magnitude of the
surface tension to acceleration forces will be increased in
the model tests, surface tension forces will still be in-

significant,

If the drag term of equation (3) is also left out, as
before, because the drag forces are small compared to acceler~

ation forces, equation (3) becomes identical to equation (2),

Since fluid properties will not affeet propellant settling,

equation (2) can be used to compute Lo settling times in the

Centaur, Therefore only a few settling tests will be performed
to substantiate computations; they will b. combined with the
sloshing tests., It is possible to combine settling with
sloshins tests because the initial phase of the sloshing tesats
requires propellant settling, It is only after liquid has

been accelerated to one end of the tank that sloshing can

be observed.

Sloshing Tests: The tank model sloshing tests, if properly

gimulated, will indicate if sloshing in the Centaur fuel tank

during settling will be a problem,

An analysis of the propriety of simulating Centaur fuel
sloshing by testinc with a model has been performed. The
approach taken was to non-dimensionalize the gencralized
continuity and momentum equations. The procesa ylelded

tirce dimensionless numbers that by the laws of similarity
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must be th. same for the model test as for the Centaur.

These numbers were the Froude, Weber, and ileynolds numbers.

It appears that similarity with all three dimensionless
numhers is not possible because n liquid with suitable prop-
erties cannot be found. Viscosity effects have always been
neglected in theoretical analyses on sloshing. This is equiv-
alent to neglectiny the influence of ileynold number. There-
fore only Froude and “eber numhers will be simulated in the

model tests.

Using liquid properties and tank accel:ration of the
mwodel tes! as variables an attempt was made to determine which
‘ combination of liquid and acceleration would not only satisfy

the dimensionless numbers, but be cuitable for the airplane
tests. Since testing will be performed in confined spaces
tiie tank acceleration should be a minimum. Results of an
analysis showed that nsing liquid nitrogen as a test fluid
will result in the minimum tank acceleration of 0.20 g's.
Therefore it is suggested that LNo be used as the fluid for

sloshing tests.

Test results will show the time required for liquid

damping to occur.
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